Abstract-A genome-wide linkage scan was performed for genes affecting submaximal exercise systolic blood pressure (SBP) and diastolic blood pressure (DBP) in the sedentary state and their responses to a standardized endurance training program. A total of 344 polymorphic markers were used, and 344 pairs of siblings from 99 white nuclear families and 102 sibling pairs from 105 black family units were available for the study. All subjects were healthy but sedentary at baseline. SBP and DBP were measured during exercise tests at 2 different intensities: 50 W (SBP50 and DBP50) and 80% of maximal oxygen consumption (SBP80 and DBP80). Baseline blood pressure phenotypes were adjusted for age, gender, and body mass index, and the training responses (after training minus baseline [⌬]) were adjusted for age, gender, baseline body mass index, and baseline blood pressure. Two analytical strategies were used: a multipoint variance-components linkage analysis using all the family data and a single-point linkage analysis using pairs of siblings. In whites, promising linkages (lod score Ͼ1.75) were detected for baseline SBP80 on 10q23-q24 and for ⌬SBP50 on 8q21. In addition, several chromosomal regions with suggestive evidence of linkage (lod score 1.0 to 1.75) were observed for SBP50 (22q11.2-q13), DBP50 (6q23-q27), SBP80 (2p24, 2q21, 14q11.1-q12, and 16q21), DBP80 (6q13-q21), ⌬SBP50 (7p12-p13), and ⌬DBP50 (5q31-q32). In blacks, DBP50, DBP80, and ⌬DBP80 showed promising quantitative trait loci on 18p11.2, 11q13-q21, and 10q21-q23, respectively. Suggestive linkages were evident for DBP50 on 2p22-p25, 11p15.5, and 18q21.1; for SBP80 on 6q21-q21, 6q31-q36, 12q12-q13, 15q12-q13, and 17q11-q12; and for DBP80 on 8q24, 10q21-q24, and 12p13. Key Words: genes Ⅲ blood pressure Ⅲ exercise Ⅲ linkage C ontribution of genetic factors to the regulation of resting blood pressure (BP) and the development of hypertension has been well established. Estimates of the resting BP heritability have varied from Ϸ25%, as derived from family studies, up to Ϸ70%, as derived from twin studies. 1 The majority of the studies support a multifactorial model of inheritance with polygenic effects, although major gene effects contributing to BP variability have been reported. [2] [3] [4] The search for genes affecting BP and hypertension has relied mainly on association and linkage studies using molecular markers at or near potential candidate gene loci. Several candidate genes have been tested, but the results have been mainly inconclusive, and the contribution of the genes showing positive associations has been moderate at best. 5 An alternative strategy is to perform a genome-wide scan with the use of a large panel of polymorphic markers covering all chromosomes. This approach allows the detection of chromosomal regions that most likely harbor genes affecting the phenotype of interest. So far, 7 genomic scans for resting BP phenotypes 6 -12 and 1 scan for postural BP changes 13 have been reported, and the number of promising quantitative trait loci (QTLs) has ranged from 1 to 6 per study.
C ontribution of genetic factors to the regulation of resting blood pressure (BP) and the development of hypertension has been well established. Estimates of the resting BP heritability have varied from Ϸ25%, as derived from family studies, up to Ϸ70%, as derived from twin studies. 1 The majority of the studies support a multifactorial model of inheritance with polygenic effects, although major gene effects contributing to BP variability have been reported. [2] [3] [4] The search for genes affecting BP and hypertension has relied mainly on association and linkage studies using molecular markers at or near potential candidate gene loci. Several candidate genes have been tested, but the results have been mainly inconclusive, and the contribution of the genes showing positive associations has been moderate at best. 5 An alternative strategy is to perform a genome-wide scan with the use of a large panel of polymorphic markers covering all chromosomes. This approach allows the detection of chromosomal regions that most likely harbor genes affecting the phenotype of interest. So far, 7 genomic scans for resting BP phenotypes 6 -12 and 1 scan for postural BP changes 13 have been reported, and the number of promising quantitative trait loci (QTLs) has ranged from 1 to 6 per study.
Several studies have shown the BP-lowering effect of regular endurance training, especially in subjects with highnormal BP levels and mild-to-moderate hypertension. In normotensive subjects, an exaggerated BP response to acute exercise has been suggested to predict the future risk of hypertension. 14, 15 Only a few studies have investigated the role of genetic factors in the regulation of BP response to exercise. For the acute exercise response, a segregation analysis study of 864 subjects from 81 pedigrees showed a mixed recessive model of transmission for diastolic BP (DBP) response to a cycle ergometer exercise test, with a gene frequency of 0.21. The phenotypic variances explained by the major gene and polygenic effects were 34% and 17%, respectively. 16 In the Health, Risk Factors, Exercise Training and Genetics (HERITAGE) Family Study, maximal heritability for acute systolic BP (SBP) response to submaximal exercise at 50 W in whites was 50%. 17 The contribution of genetic factors to acute SBP and DBP responses to an incremental cycle ergometer test were also investigated in a cohort of 148 monozygotic and 111 dizygotic twin pairs with a mean age of 11 years. 18 Significant genetic effects were found for SBP and DBP, and the results suggested that the genetic effects found at rest also influenced the exercise phenotypes, although the effects tended to decline with higher exercise intensities.
On the basis of these heritability estimates, it is reasonable to start looking for genomic regions and individual genes that are responsible for the genetic effects on exercise BP phenotypes. Using the data from the HERITAGE Family Study, we performed a genome-wide linkage scan for submaximal exercise SBP and DBP measured in the sedentary state and also in response to a 20-week endurance training program.
Methods

Subjects
The study cohort consists of 492 white subjects (239 males and 253 females) from 99 nuclear families and 270 black subjects (91 males and 179 females) from 105 family units. The complete training response data were available for 471 whites (228 men and 243 women) and 249 blacks (87 men and 162 women). The maximum number of sibling pairs available was 344 and 102 in whites and blacks, respectively. The study design and inclusion criteria have been described previously. 19 To be eligible, the individuals were required to be in good health, ie, to be free of diabetes, cardiovascular diseases, or other chronic diseases that would prevent their participation in an exercise training program. Subjects were also required to be sedentary, which was defined as not having engaged in regular physical activity over the previous 6 months. Individuals with resting SBP Ͼ159 mm Hg and/or DBP Ͼ99 mm Hg were excluded. According to the Joint National Committee VI classification, 20 67%, 22%, and 8% of whites and 42%, 30%, and 20% of blacks had optimal, normal, and high-normal resting BPs, respectively. The study protocol had been approved by each of the institutional review boards of the HERITAGE Family Study research consortium. Written informed consent was obtained from each participant.
Blood Pressure
Before and after the 20-week training program, each subject completed 3 cycle ergometer (SensorMedics Ergo-Metrics 800S) exercise tests conducted on separate days: a maximal exercise test (Max), a submaximal exercise test (Submax), and a submaximal/maximal exercise test (Submax/Max). 21 The Submax test was performed at 50 W and at 60% of the initial maximal oxygen consumption (VO 2 max). Subjects exercised for 8 to 12 minutes at each work rate, with a 4-minute period of seated rest between exercise periods. Finally, the Submax/Max test was started with the Submax protocol. After exercising at 60% VO 2 max, subjects also exercised for 3 minutes at 80% VO 2 max. The test then progressed to a maximal level of exertion. BP was obtained by using Colin STBP-780 automated units. Earphones allowed the technician to confirm the BP values selected by the detection algorithm of the instrument. For the present analyses, SBP and DBP measured at 2 different Submax intensity levels were selected. SBP and DBP at 50 W (SBP50 and DBP50, respectively) represent a moderate intensity level, whereas SBP and DBP at 80% VO 2 max (SBP80 and DBP80, respectively) reflect high-intensity exercise. BP was measured twice at each workload in both Submax tests, both before and after the training period, whereas only 1 BP recording was obtained at 80% VO 2 max. Thus, both the pretraining and posttraining 50 W phenotypes are the means of 4 measurements, whereas the 80% VO 2 max phenotypes represent a single measurement. BP training responses (⌬) were calculated as posttraining BP minus pretraining BP.
Exercise Training Program
The exercise training program has been described in detail previously. 21 Briefly, the exercise intensity of the 20-week training program was customized for each participant on the basis of the heart rate-VO 2 relationship measured at baseline. During the first 2 weeks, the subjects trained at a heart rate corresponding to 55% of the baseline VO 2 max for 30 minutes per session. Duration and intensity of the training sessions were gradually increased to 50 minutes and 75% of the heart rate associated with baseline VO 2 max; these levels were then sustained for the last 6 weeks. Training frequency was 3 times per week, and all training was performed on cycle ergometers in the laboratory. Heart rate was monitored during all training sessions by a computerized cycle ergometer system (Universal FitNet System), which adjusted ergometer resistance to maintain the target heart rate. Trained exercise specialists supervised all exercise sessions.
Data Adjustment
Baseline BP measurements were adjusted for the effects of gender, generation, and age by using stepwise multiple regression. 22 Training response phenotypes were also adjusted for baseline value of the phenotype. In summary, a BP phenotype was regressed on up to a third-degree polynomial in age (separately within race-by-genderby-generation subgroups). Only significant terms (5% level) were retained (ie, the model did not need to be saturated). The residual from this regression (or the raw score if no age terms were significant) was then standardized to 0 mean and unit variance and constituted the analysis variable. Similarly, a second set of BP variables (both baseline and training responses) was constructed by removing the effects of baseline body mass index (BMI) and the polynomial in age. For the training response phenotypes, we also checked the effect of training-induced changes in BMI (⌬BMI) on BP training responses. ⌬BMI had no significant contribution in regression models and, therefore, was not included in the final models.
Molecular Studies
A total of 344 markers with an average spacing of 9.7 cM were used. Polymerase chain reaction conditions and genotyping methods have been fully outlined previously. 23 Automatic DNA sequencers from LI-COR were used to detect the polymerase chain reaction products, and genotypes were scored automatically by using SAGA software. Incompatibilities of mendelian inheritance were checked, and markers showing incompatibilities were regenotyped completely (Ͻ10% were retyped). Microsatellite markers were selected mainly from the Marshfield panel, version 8a, as were some candidate genes for obesity and comorbidities, including hypertension. Map locations were taken mainly from the Genetic Location DataBase of Southampton, UK (which can be accessed online at http://cedar.genetics.soton.ac.uk) and from other sources for a few markers (published articles and the Marshfield Institute map can be accessed online at http://www.marshmed.org/genetics).
Linkage Analyses
Linkage analysis was performed by using a multipoint variance components model as implemented in SEGPATH. 24, 25 According to this model, a phenotype is influenced by the additive effects of a trait locus (g), a residual familial background modeled as a pseudopolygenic component, and a residual nonfamilial component (r). The r , respectively. Allele-sharing probabilities (at each marker location for each sibling pair) were used as input data for the linkage component of the SEGPATH model. These multipoint probabilities were derived by using the program MAPMAKER/SIBS. 26 Other parameters in the model include spouse and additional sibling resemblance and the mean and variance in the offspring. The linkage hypothesis is tested by restricting the trait locus heritability to 0. A likelihood ratio test contrasts the null hypothesis (h 2 g ϭ0) with the alternative (h 2 g estimated). The difference in Ϫ2 ln L (minus twice the log likelihood) between the null and alternate hypotheses is asymptotically distributed as a 50:50 mixture of a 1 2 and a point mass at 0, and the P value is half that associated with the 2 value. 27 The lod score is 2 /(2 · log e 10). The ␣-level used here to identify promising results (PϽ0.0023, corresponding to a lod score of 1.75) represents, on average, 1 false positive per scan for experiments involving Ϸ400 markers. 28 In addition to the multipoint linkage analyses, a single-point linkage analysis was performed with the sib-pair linkage procedure 29, 30 as implemented in the SIBPAL program of the SAGE Statistical Package. 31 Briefly, the squared sib-pair phenotypic difference was regressed on the expected proportion of marker alleles identical-by-descent at the locus. A 1-sided t test was then used to test whether the regression coefficient is Ͻ0. A significant inverse relationship between the squared sib-pair phenotypic difference and allele sharing at the marker locus was taken as evidence of linkage. Both the multipoint and single-point analyses were conducted separately for blacks and whites.
Results
The means and standard deviations for SBPs and DBPs at 50 W and 80% of VO 2 max at baseline and their responses to endurance training in 4 gender-by-generation subgroups in blacks and whites are presented in Table 1 . The genomic regions showing promising and suggestive linkages with exercise BP phenotypes are summarized in Tables 2 and 3 . Furthermore, the chromosomes with promising linkages are depicted in Figures 1 and 2 .
In whites, 1 chromosomal region (10q23-q24, Figure 1 ) showed promising linkages and another 8 regions (2p24, 2q21, 6q13-q21, 6q23-q27, 14q11.1-q12, 15q24-q25, 16q21, and 22q12-q13) showed suggestive linkages with baseline phenotypes (Table 2 ). For the training response phenotypes, 1 promising QTL (8q24 for ⌬SBP80, Figure 1 ) and 2 suggestive QTLs (5q31-q33 for ⌬DBP50 and 7p12p13 for ⌬SBP50) were detected (Table 2) . Of the 9 baseline BP QTLs, 6 were for SBP, whereas 3 were specific for DBP. Five of the SBP regions were specific for SBP80 (2p, 2q, 10q, 14q, and 16q), and 1 was specific for SBP50 only (22q). One QTL was detected for baseline DBP50 (6q), and 2 were detected for DBP80 (6q and 15q).
In blacks, 2 regions with promising linkages (11q13-q21 for DBP80 and 18p11.2 for DBP50, Figure 2 ) and 11 with suggestive linkages (2p22-p25 and 11p15.5 for DBP50; 6q21-q23, 7q31-q36, 12p12-p13, 15q26, 16q12-q13, and 17cen-q12 for SBP80; and 8q24, 10q21-q24, and 12p12-p13 for DBP80) were detected for the baseline phenotypes (Table  3) . One region at 10q21-q23 showed promising linkage with the DBP80 training response (Table 3, Figure 2 ). No common QTLs were found for blacks and whites. Adjustment for baseline BMI did not have any major impact on linkages either in blacks or in whites.
Discussion
On the basis of evidence from quantitative genetic studies, it is reasonable to undertake a search for QTLs and, ultimately, the genes affecting Submax BP both in the sedentary state and in response to exercise training. Identifying these QTLs and resolving them in terms of genes and mutations would not only benefit our understanding of basic human exercise physiology but also contribute to our understanding of the genetic basis of BP regulation. This information would very likely also shed light on the molecular mechanisms leading to elevated resting BP levels. The present study is the first attempt to localize such genomic regions, and our results indicate promising evidence for QTLs affecting Submax BP on chromosomes 8q and 10q in whites and on chromosomes 10q, 11q, and 18p in blacks. Moreover, suggestive linkages were detected in several regions in blacks and whites. None of the evidence for any QTL was consistent between the 2 race groups.
The strongest evidence of linkage was detected on chromosome 8, where the most distal marker (D8S373) on the long arm yielded a lod score of 2.36 for SBP50 training response in whites. In blacks, the same marker showed a suggestive linkage with baseline DBP80. The area harbors several potential candidate genes for BP regulation. Perhaps the most interesting one is the CYP11B1/CYP11B2 locus. CYP11B1 encodes a steroid 11␤-hydroxylase enzyme, which catalyzes the terminal step of cortisol biosynthesis. CYP11B2 encodes a related enzyme, aldosterone synthase, which has, in addition to steroid 11␤-hydroxylase activity, the 18-hydroxylase and 18-oxidase activities necessary for the final steps of aldosterone synthesis. Mutations in CYP11B1 and CYP11B2 genes lead to a hypertensive form of congenital adrenal hyperplasia 32 and various forms of aldosterone synthase deficiencies characterized by hypotension, 33 respectively. In addition, unequal recombination between these genes causes hypertensive disorder of glucocorticoidsuppressible hyperaldosteronism. 34 To identify the gene(s) contributing to the linkage signals, however, it is necessary to define the QTLs more precisely, first with additional microsatellite markers and linkage analyses, then with linkage disequilibrium tests using single nucleotide polymorphisms, and finally, with resequencing of the strongest positional candidate genes. 35 This approach will be used also for the QTLs reported in the present study.
A single genome-wide scan has a limited power to provide conclusive evidence for QTLs affecting BP phenotypes. Therefore, it is crucial to look for consistent trends across different studies to evaluate the true potential of genomic regions to harbor candidate genes. Unfortunately, there are no other genome-wide scans available for exercise BP phenotypes, but comparison of the present results with the previous resting BP scans reveals some common regions. For example, the D2S1334 marker that was linked with baseline SBP80 in whites in the present study also showed a suggestive linkage with resting SBP in the Genetic Epidemiology Network of Atherosclerosis (GENOA) cohort. 6 Similarly, marker D15S657 was linked with baseline SBP80 in blacks of the HERITAGE Family Study, and the same marker was the nearest one to a resting DBP QTL in a Chinese cohort. 7 In addition, a nearby marker (D15S652) was linked with resting SBP in the GENOA cohort, 6 and another marker (D15S211) further upstream identified a QTL for baseline DBP80 in whites of the HERITAGE Family Study. Marker D14S283, located near the angiogenin locus on the short arm of chromosome 14, showed suggestive linkage with baseline SBP80 in the white cohort of the HERITAGE Family Study and with resting SBP in the Quebec Family Study. 8 Finally, 2 markers at and near the ADRB2 locus showed suggestive evidence of linkage with the DBP50 training response in whites. In the GENOA network cohort, a QTL for resting BP was also detected at 5q, 6 and further positional analyses revealed the ADRB2 locus to be responsible for the signal. 36 The prevalence of hypertension has been shown to be higher among blacks than whites, 20 and it has been suggested that the mechanisms leading to hypertension in blacks and whites may be different and that some of this variation may have a genetic origin. 37 The majority of the subjects in the HERITAGE Family Study were normotensive, but nevertheless, both resting and exercise BPs at baseline were higher in blacks than in whites. 38 The results of the present study indicate that the chromosomal regions harboring genes that affect exercise BP phenotypes may be different in blacks and whites. In some cases, however, a QTL was detected at the same region but for different phenotypes (ie, D10S677 with DBP80 in blacks and SBP80 in whites) or for the same phenotype but with an adjacent marker (ie, SBP80 with D16S264 in whites and D16S3253 in blacks). Interestingly, in Chinese families, a QTL for resting SBP was detected approximately between these 2 markers in chromosome 16. 7 In summary, these data from the HERITAGE Family Study provide evidence of several genomic regions that potentially contain genes affecting submaximal exercise BP phenotypes in the sedentary state and in response to endurance training in blacks and whites. The linkage signals were detected in blacks and whites at different genomic regions, which may reflect interactions between QTLs and environmental factors. The exercise BP QTLs overlap, to some extent, those reported previously for resting BP phenotypes. These genomic regions should be explored further to identify the genes and characterize the mutations that contribute to observed interindividual variation in exercise BP phenotypes. 
